SUMMARY Background
The systemic immune system plays a role in inflammation and fibrogenesis associated with non-alcoholic steatohepatitis (NASH) and has become a potential target for drug development. In particular, the gut immune system has been suggested as a means for generating signals that can target the systemic immune system.
Aim
To describe seven novel methods being developed for the treatment of NASH that target the gut immune system for alleviation of the systemic inflammatory response, including oral administration of fatty-liver-derived proteins, anti-CD3 antibodies, tumour necrosis factor fusion protein, anti-lipopolysaccharide antibodies, glucosylceramide, delayed-release mercaptopurine, and soy-derived extracts.
Methods
A search for these methods for oral immunotherapy for NASH was conducted.
Results
Oral administration of these compounds provides an opportunity for immune modulation without immune suppression, with the advantage of being independent of a single molecular/inflammatory pathway. These modes of oral immune therapy demonstrate superior safety profiles, such that the patient is not exposed to general immune suppression. Moreover, these approaches target the whole spectrum of the disease and may serve as adjuvants to other therapies, such that they provide a platform for treatment of concomitant disorders in patients with NASH, including diabetes and hyperlipidaemia. Most of the compounds reviewed are currently in phase II trials, and it is anticipated that the acquisition of more clinical data in the next few years will enable the use of this new class of drugs for the treatment of NASH.
Conclusion
Oral immunotherapy may provide a novel platform for the treatment of NASH. During the process of drug development for NASH, numerous obstacles have been identified in recent years. 4 While progress has been achieved in our understanding of the pathophysiology, diagnosis and natural history of NAFLD, no drugs have yet been approved for the treatment of NASH. 4 Studies investigating the optimal therapy for NAFLD and NASH have not yet been able to develop a universal treatment protocol. 5 Lack of a clear mechanism remains a major difficulty in drug development for NASH, which is caused by a complex interplay between host and environmental factors. 3 Thus, the use of pharmacological agents as an adjunctive therapy to lifestyle modification is crucial, as weight loss is a difficult task to achieve and maintain. 6 NAFLD is recognised as the hepatic component of the metabolic syndrome and is associated with liver-related morbidity and mortality as well as an increased risk of cardiovascular disease, type 2 diabetes mellitus, hyperlipidaemia and abdominal obesity. 7 Several pharmacological agents have been studied in an effort to improve insulin resistance and to improve the pro-inflammatory mediators responsible for NASH progression. 4 Examples of drugs that are effective only in the animal models of NASH but have failed in human trials are as follows: PDE4 inhibitors, 8 caspase inhibitors, 9 resveratrol, 10 omega-3 fatty acid preparations, 11 antitumour necrosis factor-alpha (TNF-a) and probiotics. In addition, most NASH patients use drugs to control type 2 diabetes, such as metformin, sulfonamides and insulin, although these drugs are ineffective for NASH. 4, 12 The side effects of several compounds that have demonstrated efficacy in NASH trials are of major concern. Examples are pioglitazones, which were shown in the PIVENS trial to improve some histological features of NASH, and to achieve resolution of steatohepatitis. 13 However, glitazones contribute to weight gain and to adipose tissue insulin resistance.
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14 Their long-term use is associated with bone fractures in women, congestive heart failure and increased risk of bladder cancer. 4, 15 Obeticholic acid (OCA) is a synthetic bile acid with picomolar agonistic activity towards the farnesoid X receptor (FXR), as shown in the FLINT trial to improve steatohepatitis and fibrosis. 16 Side effects of pruritus and an increase in low-density lipoprotein (LDL) cholesterol are of relevance for their chronic use. 17 In the PIVENS trial, vitamin E was shown to improve steatosis, inflammation and ballooning, leading to the resolution of NASH in 36% of patients. 13 However, long-term vitamin E treatment can result in an increase in overall mortality, 18 haemorrhagic stroke 19 and prostate cancer in males older than 50 years. 20 It was recently suggested that 'an ideal drug choice for NASH should reduce hepatic inflammation and liver cell injury, be able to correct the underlying insulin resistance, and deliver anti-fibrotic effects'. 6 Drugs that target inflammation, even without having a direct anti-fibrotic effect, may result in a subsequent reduction of fibrosis if sustained resolution of NASH is achieved. Alternatively, drugs that are exclusively anti-fibrotic may not dampen inflammatory triggers for fibrogenesis.
4
THE IMMUNE SYSTEM AS A TARGET FOR THE TREATMENT OF NASH Recent concepts in NASH development have proposed that multiple parallel hits are involved in disease initiation and progression. However, the 'key switch' between steatosis and NASH remains to be discovered. 2 Genetic predisposition involving single nucleotide polymorphisms (SNPs) and mutations, with SNP distribution patterns along specific metabolic and cellular pathways, determines the susceptibility of a patient to NASH, while diet and lifestyle regulate the disease phenotype. 4 It has been hypothesised that following these initiating events, inflammation and the associated fibrogenesis contribute to the perpetuation of disease. Another hypothesis states that the inflammatory processes are part of the intimating event in these patients. Consequently, chronic inflammation is a major contributor to NASH and thus represents a target for disease treatment. Obesity is associated with chronic low-grade inflammation, and inflammation is related to the disruption of metabolic homeostasis. 21 The metabolic inflammatory state, termed 'metaflammation', is defined as low-grade, Aliment Pharmacol Ther 2016; 44: 1168-1182chronic inflammation in response to excess nutrients and energy. 22 The chronic inflammatory process involves the liver, adipose tissue, pancreas and muscle, leading to insulin resistance and metabolic dysfunction. 23 Imbalances between pro-and anti-inflammatory cytokines, alterations in insulin responses, b-oxidation, lipid storage and transport, autophagy and nuclear receptor signalling all contribute to the progression from NAFLD to NASH, cirrhosis and cancer. During the process of liver damage, tissue repair pathways are activated to restore tissue and metabolic homeostasis. Indeed, the balance between mechanisms of damage and repair defines the progression of the disease. 24, 25 Liver inflammation can either be beneficial or detrimental. 24 
24
A cycle of inflammation and cell death is generated by dying hepatocytes, releasing damage-associated molecular patterns that bind to evolutionarily conserved pattern recognition receptors to activate cells of the innate immune system and stimulate the inflammatory process. 24 Inflammatory genes are overexpressed in NASH. Increased expression of genes that regulate inflammation in patients with NAFLD and NASH have been noted in the subcutaneous adipose tissue (SAT), visceral adipose tissue (VAT) and phenotypes of adipose tissue macrophages in obese patients. 27 A total of 111 genes associated with inflammation were differentially expressed between VAT and SAT, and the expression of these genes increased as the disease progressed from NAFLD to NASH. The levels of interleukin 8, chemokine (C-C motif) ligand 3 (CCL3) and TNF-a are correlated with liver inflammation and NAFLD activity. Increased proportions of CD11c + CD206 + and CCR2 + macrophages in the VAT of patients with NASH result in increased levels of pro-inflammatory cytokines and chemokines. 27 Genetic manipulation of certain metabolic or stress response pathways, including one-carbon metabolism, NF-jB, PTEN and microRNAs, may contribute to the development of NASH and the regulation of carcinogenesis in NAFLD. 1 Because the immune system plays a role in the pathogenesis of NASH, various treatments are being developed to directly or indirectly target the relevant inflammatory pathways.
(i) Glitazones up-regulate adiponectin, an insulin-sensitising and anti-steatogenic adipokine, and increase fatty acid b-oxidation in liver and muscle. 28, 29 PPARc agonists also exert anti-inflammatory effects on Kupffer cells, indicating a direct hepatoprotective effect. (ii) FXR activation has a wide range of metabolic effects, such as improvement of glucose metabolism and peripheral insulin sensitivity, 30 reduction of lipogenesis and enhancement of fatty acid b-oxidation. 31 FXR activation also has anti-inflammatory actions, 32, 33 and the histological features of NASH and fibrosis can be improved by treatment with OCA, an FXR agonist.
34
(iii) Elafibiranor is a liver-targeted insulin sensitiser, a dual PPARa/d agonist that undergoes enterohepatic cycling. This drug improves hepatic and peripheral insulin sensitivity, dyslipidaemia and inflammatory markers. 35 PPARd activation is a potent metabolic regulator that induces hepatic fatty acid b-oxidation, inhibits hepatic lipogenesis, 36 reduces hepatic glucose production and improves hepatic inflammation. 37, 38 Animal data have demonstrated the hepatoprotective effects of elafibranor due to reduced levels of steatosis, hepatic inflammation and pro-inflammatory gene expression. 39 A recent clinical trial showed that elafibranor resolved NASH without a worsening of fibrosis in the intention-to-treat analysis and in patients with moderate or severe NASH. However, the predefined end point was not met in the intention-to-treat population. 40 (iv) Incretin mimetics, which are glucagon-like peptide-1 receptor (GLP-1R) agonists, can be used to treat NASH. 41 sensitivity. 43 The beneficial effects of these drugs in humans with NASH were associated with reduced de novo lipogenesis, improved adipose tissue lipolysis and decreased inflammation. 4, 44 (v) Vitamin E and thiazolidinedione derivatives show anti-inflammatory effects. Vitamin E also exerts protective effects against oxidative damage induced by free radicals, protecting against mitochondrial toxicity, blocking intrinsic apoptotic pathways and down-regulating NF-kB-dependent inflammatory pathways. [45] [46] [47] Vitamin E therapy, compared with placebo, was associated with a significantly higher rate of improvement in NASH (43% vs. 19%).
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(vi) Cenicriviroc (CVC), a dual-CCR2/CCR5 antagonist, showed potent anti-inflammatory and anti-fibrotic activity in animal models, 48 and its safety and pharmacokinetic results were recently published. 49 This therapy is currently being tested in patients with NASH. (vii) Several additional compounds that have been tested in NASH have direct and indirect anti-inflammatory properties, 50 that is, fatty acid-bile acid conjugates that serve as metabolic modulators, anti-lysyloxidase 2 monoclonal antibody, which has anti-fibrotic effects, vitamin D, an immunomodulatory molecule and renin-angiotensin-aldosterone system blockers. 4, 5 (viii) Massive weight loss as a result of bariatric surgery results in histological improvement and partial reversal of cirrhosis. 51, 52 Bariatric surgery might also correct the pro-inflammatory state associated with obesity, 53, 54 reducing adipose tissue levels of pro-inflammatory TNF-a and IL-6 and the expression of hepatic SOCS3, improving hepatic insulin resistance and inhibiting hepatic inflammation. 55 Collectively, these data support the role of the immune system as a therapeutic target in NASH.
ORAL IMMUNOTHERAPY: USING THE GUT IMMUNE SYSTEM AS A TARGET FOR GENERATING SIGNALS THAT REACH THE SYSTEMIC IMMUNE SYSTEM TO ALLEVIATE THE INFLAMMATORY RESPONSE Gut-liver cross-talk is implicated in the impairment of lipid and glucose homeostasis in steatogenesis and in the initiation of inflammation and fibrogenesis in NASH. 56 Indeed, immune signals generated at the gut level and those generated by the gut microbiome affect the systemic immune system. Following the generation of these gut signals, activation of the innate immune system, which is accompanied by the activation of the adaptive system, can lead to steatosis, liver inflammation and fibrosis. 57 These signals may exert a direct effect via absorption or a nondirect remote effect. Therefore, targeting the gut immune system represents a promising method for systemic immune modulation and for alleviating the liver inflammation in NASH. 58 Figure 1 shows an outline of the potential role of the gut and the systemic immune systems in the pathogenesis of NASH, illustrating that both systems may serve as potential therapeutic targets. Dysbiosis and altered intestinal permeability play an important role in linking gut lumen antigenic/toxic substances and systemic conditions with liver inflammation in NAFLD and NASH. 59, 60 A bidirectional interaction between the gut immune system and microbiota occurs, which interacts with food and bile. These interactions likely contribute to the progression from lean to obese states, steatosis, steatohepatitis and fibrosis. 57 The gut microbiota induces the absorption and disposal of nutrients to the liver. Microbiome-associated toll-like receptor (TLR) ligands promote the production of hepatic proinflammatory cytokines, 56 and TLR2, TLR4, TLR5 and TLR9 are associated with the pathogenesis of NAFLD. Indeed, compositional changes in the gut microbiota are related to the development of NASH. 61 An abundance of Firmicutes and Bacteroidetes may represent an underlying mechanism for the development of obesity and NAFLD. In particular, a decrease in Akkermansia muciniphila causes a thinner intestinal mucus layer and promotes gut permeability, which allows the leakage of bacterial components. Accordingly, an increase in A. muciniphila improves the metabolic parameters in subjects with obesity and NAFLD. 61 The gut is composed of a physical barrier surface that prevents bacterial adhesion and regulates paracellular diffusion into the tissues and a functional barrier that differentiates pathogens from commensal microorganisms. 62 The gut microbiota is part of the gut barrier, and it also competes with pathogens for energy resources, processes the molecules needed for mucosal integrity, and interacts with the immune components in the gut. 62 The functional barrier comprises the gut immune system that regulates the generation of immune tolerance vs. immune responses to antigens. 62 Several components of the gut barrier interact with the immune system. This bidirectional interaction between the gut immune system and the gut microbiome determines the signals that are delivered from the gut to the systemic immune system.
The gut-associated lymphoid tissue (GALT) is composed of both innate and adaptive immune cells. The GALT is responsible for antigen sampling in the lumen and for the generation of immune signals that are transported to the systemic immune system. The gut epithelial cells form a physical and immunological barrier, and the mucus layer that separates the intraluminal content from more internal layers containing anti-microbial products and secretory IgA plays a role in the generation of these signals in the gut. 62, 63 The GALT is constantly exposed to dietary and microbial-derived foreign antigens. Proper responsiveness of all components of the mucosa is required for the maintenance of intestinal integrity and the ability to mount an effective immune response to potential pathogens. 64 Dendritic cells are central for the initiation and differentiation of adaptive immune responses. In the intestinal mucosa, DCs are part of the GALT and are located diffusely throughout the intestinal lamina propria, Peyer's patches and smaller lymphoid aggregates, alongside intestinal-draining lymph nodes including mesenteric lymph nodes (MLNs). MLNs serve as a site for the generation of immune signals between the gut and the systemic immune system. Lymphocytes influx into the gut-draining MLNs, where they undergo antigeninduced activation and priming to determine memory and effector phenotypes. 65 During this process, these lymphocytes gain the capacity to migrate via the lymph and blood to the systemic organs. Disruption of the gut barrier and accompanying effects on the immune system have been associated with many gastrointestinal diseases as well as extra-intestinal disorders, such as the pathogenesis of NASH. Hence, the intestinal barrier can serve as a target for the treatment of these disorders. Drugs and compounds are currently being developed for the restoration of a normal intestinal barrier and immune function. 62 Oral immunotherapy is based on the notion that targeting various components of the gut barrier can serve as a means to alter the immune signal that is transported from the gut to the systemic immune system, thereby affecting immune-mediated damage in target organs. 63 Oral tolerance is one of the mechanisms of oral immune therapy, such that exposure of the gut immune system to various antigens can alter the systemic immune signal. 66, 67 This mechanism has been shown to be effective in animal models [68] [69] [70] [71] and in several immune-associated disorders in humans. [72] [73] [74] [75] Figure 2 shows a schematic presentation of oral immunotherapy compounds that target the GALT and/or microbiome to generate an immune signal that affects the systemic immune system, specifically inducing regulatory T cells (Tregs) at the level of MLNs to alleviate the inflammatory response in the liver. 76 
COMPOUNDS BEING DEVELOPED FOR THE TREATMENT OF NASH BY TARGETING THE GUT IMMUNE SYSTEM
The inflammatory response is critical for initiating and sustaining the liver damage associated with NASH, making the immune system a target for treatment development. 58 However, systemic immune suppression is nonspecific in numerous cases, and thus patients are exposed to a generalised immune suppression. Several methods have recently been investigated that target the gut immune system to generate an anti-inflammatory signal that can redirect the systemic immune system. Herein, we review seven potential methods that have been demonstrated to be effective in pre-clinical trials. Several of these drugs were previously shown to exert beneficial responses in phase I and II clinical trials in patients with NASH. Table 1 summarises some of the oral immune therapy compounds that are currently being developed for NASH and their status of development.
Induction of oral tolerance towards fatty liver-extracted proteins
To determine the effect of oral immune therapy towards liver-extracted proteins on the metabolic syndrome, ob/ ob mice and their lean littermates were orally administered liver extracts from wild-type or ob/ob mice. 77 The induction of immune regulation via the oral presentation of liver-extracted proteins led to a significant reduction in hepatic fat content. Accordingly, a significant improvement in glucose intolerance was noted in treated mice. These changes were accompanied by alterations in NKT regulatory lymphocytes, with a significant elevation of anti-inflammatory serum IL-10 levels. 77 Although this concept has not yet been tested in patients with NASH, a beneficial effect was observed in patients with inflammatory bowel disease (IBD) who received orally administered autologous colonic-extracted proteins. 72, 74 In a phase II randomised, double-blind, placebo-controlled trial, 58% of patients with moderate to severe Crohn's disease attained clinical remission compared with 29% in the placebo group. 72, 74 Alterations in CD4 + , CD8 + and NKT lymphocytes support the notion that oral immune therapy using non-absorbable autologous proteins affects the systemic immune system. These data suggest that exposure of the gut immune system to disease-associated In a high-fat diet (HFD) animal model of NASH, C57B1/6 HFD mice were orally administered PRX-106 daily for 22 weeks. A decrease in hepatic triglyceride content was observed in the treated mice, together with a decrease in serum triglycerides, aspartate aminotransferase (AST) levels, glucose levels and the homeostatic model assessment (HOMA) score. 82 These data support the concept that oral administration of PRX-106, a non-absorbable recombinant anti-TNF fusion protein, is safe and not associated with immune suppression yet induces favourable anti-inflammatory immune modulation. Thus, PRX-106 may provide an orally administered, safe and effective anti-TNF-a-based immune therapy for the treatment of NASH.
Oral administration of beta-glycosphingolipids as immune modulators An altered lipidome, including alterations in glycosphingolipids, has been described as part of the 'NASH signature'. 84 Glucocerebroside (b-glucosylceramide, GC) and lactosylceramide (LC) are intermediates in the metabolic pathways of glycosphingolipids. 85 In vitro, GC inhibits NKT lymphocyte proliferation in the presence of DCs.
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In vivo, oral administration of GC alleviates liver damage in the concanavalin A (ConA) immune-mediated hepatitis model 86 and in models of immune-mediated liver damage induced by graft-versus-host disease. 87 These effects have been associated with an altered NKT lymphocyte distribution and a pro-to anti-inflammatory cytokine shift. 86, 88, 89 In the leptin-deficient ob/ob model of diabetes and NASH, oral administration of GC decreased liver size and the hepatic fat content, which was associated with near normalisation of the glucose intolerance and a decrease in the serum triglyceride levels. 90 These effects were associated with an altered NKT cell distribution and cytokine profile in the anti-inflammatory direction. 90 A synergistic beneficial effect was noted for the combination of GC and LC in animal models of diabetes and NASH. 91, 92 In the treatment of Cohen diabetessensitive rats, which is a lean model of non-insulinresistant, nutritionally induced diabetes, a combination of GC and LC improved pancreatic and liver histology, reduced liver steatosis and improved glucose metabolism. These changes have been linked to an increase in intrahepatic trapping of CD8 T and NKT lymphocytes. 92 Similarly, in the Psammomys obesus model of NASH and diabetes, beta-glycosphingolipids ameliorate the hepatic injury, as shown by a decrease in liver enzymes, liver weight, hepatic fat and improved liver histology. Improved serum cholesterol and triglyceride levels have also been noted, and these effects are likely associated with decreased interferon-gamma (IFN-c) serum levels. 91 Preliminary studies in the CCL4 model of fibrosis further suggest that GC may exert anti-fibrotic effects. 93 In humans, oral administration of GC in patients with type 2 diabetes and NASH was tested in a randomised, double-blind, placebo-controlled trial. 94 No treatmentrelated adverse events were observed. In a per protocol analysis of the data, oral administration of GC decreased the hepatic fat content, as measured by magnetic resonance imaging (MRI) in the GC-treated group compared with placebo. HbA1C levels were also decreased in patients treated with GC, which was associated with a milder decrease in serum high-density lipoprotein levels. These beneficial effects were related to a decrease in CD4 and NKT cell subsets of lymphocytes. 94 These data further support the concept that non-absorbable glycosphingolipids exert an effect on the innate immune system of the gut that leads to systemic immune modulation and may thereby alleviate NASH and diabetes.
Oral administration of soy-derived extracts Soy-derived molecules exert an adjuvant effect via the activation of innate immune cells in the gut, and they have been shown to be effective for the alleviation of immune-associated disorders. [95] [96] [97] [98] Indeed, soy products have been shown to decrease oxidative stress, proinflammatory cytokine secretion and lipid peroxidation in the methionine-choline-deficient (MCD) diet model of NASH. 99 Epidemiological studies have confirmed that soy products may decrease the morbidity associated with NASH, 100 lower serum lipids, with reduced lipid uptake by the liver, and improve insulin resistance. 101 Soy extracts were orally administered to mice with ConA immune-mediated hepatitis, and liver damage was alleviated based on a decrease in the serum levels of alanine aminotransferase (ALT) and AST. 102 In the HFD model of NASH, oral administration of these extracts ameliorated liver injury, as indicated by a decrease in hepatic triglyceride levels, improved liver histology, decreased serum cholesterol and triglyceride levels, and improved insulin resistance. 102 In the model of combined MCD and HFD, a decrease in hepatic triglycerides with improvement in blood glucose levels and liver histology were noted using soy extracts. These effects were linked to reduced serum TNF-a levels and an altered Treg distribution. 102 Based on these data and on the desirable safety profile of these extracts, they are currently being prepared for human studies in patients with NASH and diabetes.
DR6MP: oral administration of non-absorbable delayed-release mercaptopurine
The purine analogues azathioprine and mercaptopurine (MP) constitute the basis of long-term maintenance therapy for several immune-mediated disorders. 103 However, their use is limited by their potential systemic side effects. [104] [105] [106] [107] A novel formulation of non-absorbable delayed-release mercaptopurine (DR-MP) was developed for oral immune therapy. 108 Administration of a single dose of DR-MP was shown to increase the number of systemic CD4 + CD25 + Foxp3 + Tregs. In a subsequent study, 70 patients with moderately active Crohn's disease were enrolled in a double-blind, controlled phase II trial for 12 weeks. 108 The time to maximal clinical response was 8 weeks for DR-MP vs. 12 weeks for the control, purinethol, with a higher proportion of patients in the DR-MP group achieving clinical remission and showing improvements in the IBD Questionnaire score. DR-MP led to a decrease in CD62 + expression on T lymphocytes, indicating reduced cell adhesion to sites of inflammation. In addition, DR-MP was safer than purinethol, with fewer adverse events. There was no evidence of druginduced leucopenia, and a lower proportion of hepatotoxicity was observed. 108 These data suggest that oral administration of a nonabsorbable DR-MP formulation is safe and biologically active in the gut and that it exerts a systemic antiinflammatory effect.
Imm124E: oral administration of non-absorbable anti-LPS antibodies with adjuvants
The gut microbiome and bacteria-derived products are significant in the pathogenesis of NASH. 60, 61 Imm124E
is an IgG-enriched fraction of enterotoxigenic Escherichia coli-containing colostrum that consists of anti-LPS antibody and several glycosphingolipid adjuvants. The induction of oral immune therapy using the non-absorbable Imm124E formulation was shown to alter the systemic immune system to alleviate NASH in humans and animal models. In the ob/ob model of NASH and diabetes, oral administration of Imm124E decreased serum ALT levels and hepatic triglycerides and improved glucose intolerance. 109 These effects were associated with a decrease in serum TNF-a levels and an increase in CD4 + CD25 + regulatory cells, CD4 + CD25 + Foxp3 + Tregs and NKT regulatory lymphocytes.
In the CCL4 fibrosis model, oral administration of Imm124E alleviated liver fibrosis, as determined by a significant progression of the Metavir liver fibrosis score and alpha smooth muscle actin levels. 110 An improvement in liver injury was noted in treated mice based on a major decrease in liver enzymes and bilirubin levels, as well as amelioration of the decrease in body weight. periportal necro-inflammation, bridging and confluent necrosis, lobular necrosis, hepatocellular apoptosis and portal inflammation. These effects were associated with a decrease in hepatic F4/80+ macrophages, which are associated with liver injury and inflammation. 110 In an open-label trial conducted in humans, subjects with biopsy-proven NASH and type 2 diabetes were orally administered Imm124E for 30 days. 111 No treatmentrelated adverse occurrences were observed, and no human anti-bovine antibodies were detected, which suggested a lack of systemic drug absorption. Alleviation of insulin resistance, as determined by a decrease in fasting glucose levels, an increase in early insulin secretion during glucose administration and improvements in the glucose tolerance test and HbA1C levels, was noted. Treated patients showed a decrease in serum levels of triglycerides, total cholesterol, LDL cholesterol and liver enzymes.
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Increased serum levels of GLP-1 and adiponectin, together with the promotion of CD25 + and CD4 + CD25 + Foxp3 + Tregs, were also noted. These data suggest that alterations of the gut microbiome together with the promotion of Tregs using oral immune therapy may alleviate NASH and its associated insulin resistance via a decrease in the systemic inflammatory response. A global large doubleblind, double-dose, randomised, placebo-controlled trial using Imm124E in patients with NASH is currently ongoing (Clinical Trial Gov. NCT02316717).
Anti CD3: oral administration of non-absorbable anti-CD3 antibodies as immune modulators Intravenous administration of anti-CD3 antibodies is effective in the transplantation setting and for the treatment of several immune-mediated disorders via the induction of immune suppression. 112 Studies have demonstrated a narrow therapeutic window for intravenous anti-CD3-based therapies, with lower doses being ineffective and higher pharmacologically active doses causing intolerable levels of adverse effects. In contrast, oral administration of anti-CD3 promotes Tregs by affecting the gut immune system and MLNs. 66 Orally delivered antibodies are not associated with generalised immune suppression, and they do not induce cytokine release syndromes. 113 Orally administered anti-CD3 was shown to alleviate experimental autoimmune encephalomyelitis in an animal model of multiple sclerosis, both prior to induction and at the peak of disease. 114 This beneficial effect was associated with the induction of a unique type of Treg subset characterised by the expression of latency-associated peptide (LAP) on their cell surface and functioning via a TGF-b-dependent mechanism. 113, 115 A similar effect was shown in an animal model of type I diabetes. 114 Oral and nasal administration of anti-CD3 in mouse models of lupus was shown to suppress autoantibody production and prevent kidney damage. 116, 117 In the leptin-deficient model of NASH and diabetes, oral administration of anti-CD3 with GC reduced pancreatic hyperplasia, hepatic fat accumulation and muscle inflammation. This treatment further alleviated diabetes and reduced liver enzyme, serum cholesterol and triglyceride levels. 76 These effects were associated with the promotion of CD4 + LAP + Tregs and with an increase in the levels of TGF-b and IL-10, which were secreted from DCs and anti-CD3-activated peripheral blood lymphocytes (PBL). 76 In an open-label phase I clinical trial in healthy volunteers, oral anti-CD3 was biologically active and well tolerated. 118 Changes were not observed in CD3 + lymphocyte counts, and no human anti-mouse antibodies were detected, implying non-absorption of the antibodies. Suppression of the Th1/Th17 and IFN-c responses by increased numbers of CD4 + CD25 + regulatory cells and CD8 + CD25 + T cells was noted. 118 A decrease in IFN-c and IL-17 and an increase in TGF-b secretion from anti-CD3-stimulated PBLs were observed. 118 In a phase IIa clinical study of patients with NASH and type II diabetes, oral administration of several dosages of anti-CD3 was biologically active, and no treatment-related adverse events were reported. Decreases in plasma glucose and liver enzymes were noted in a dose-dependent manner. 119 The systemic promotion of Tregs was due to an increase in CD4 + LAP + and CD4 + CD25 + LAP + cells, with a concomitant increase in serum TGF-b levels. These data support a different mechanism of action for the oral route of anti-CD3, which induces immune modulation without immune suppression, thereby alleviating the liver damage associated with NASH.
ADVANTAGES OF USING ORAL IMMUNE THERAPY FOR NASH
Oral immune therapy provides a way to overcome various obstacles that are currently encountered during the treatment of NASH. Table 2 summarises several unmet needs in the development of drugs for NASH, as well as the beneficial effects of using oral immune therapy-based compounds for affected patients. While the mechanism of NASH is complex, it is clear that two processes are involved in the pathogenesis of disease: inflammation and fibrogenesis. Although some of the drugs being developed for NASH are mainly anti-fibrotics, others are commonly anti-inflammatory. Oral immune therapy targets systemic inflammation, switching the systemic immune response from a pro-to an anti-inflammatory state. 7, 120, 121 In particular, oral therapy takes advantage of the inherent ability of the gut immune system to generate immune signals that are able to control the systemic immune response. This approach may have the advantage of affecting both the fibrotic and inflammatory mechanisms associated with liver disease. Some of the compounds described above have been suggested to possess possible anti-fibrotic effects. 93, 110 However, it remains to be determined whether the potent anti-inflammatory effects described in animal models of NASH will translate into anti-fibrotic effects of these compounds in humans. Most of the drugs developed for NASH target a specific metabolic or inflammatory pathway. Some of the drugs under development target one molecule that is relevant to the disease process. However, it is clear that several pathways, in contrast to a single molecular pathway, underlie the pathogenesis of NASH. Oral immune therapy has the advantage of being 'antigen-and molecular pathway-independent'. Consequently, these compounds may provide broader 'coverage' of the inflammatory pathways relevant to NASH. Indeed, several oral immune therapy drugs have been shown to promote different subsets of Tregs that redirect the systemic immune system towards the anti-inflammatory path, independent of a single molecular/inflammatory track.
Currently, numerous products developed for NASH are being tested in subpopulations of patients (e.g. patients with mild, moderate, or severe disease). Some of the drugs developed for NASH are also undergoing testing in cirrhotic patients. However, there is a need to develop therapeutics even for the early stages of NASH, especially in patients at risk of progression. 122 Oral immune therapy compounds show potential for use in patients with all degrees of disease severity. Drugs that have been tested for oral immune therapy show a relatively desirable safety profile; in particular, they are not associated with generalised immune suppression despite functioning as immune modulators. Most of these compounds are not absorbed and therefore exert an effect at the level of the gut immune system. Drugs under development for NASH are tested for relatively short periods of time, although it is anticipated that NASH will require long-term treatment. The potential long-term complications of several agents under development remain to be determined. However, oral immune therapy, due to its desirable safety profile, may be used for prevention (in patients with simple steatosis) and also in patients with end-stage disease. It is likely that these oral compounds can be used to induce remission as well as long-term maintenance. The majority of patients with NASH suffer from concomitant disorders, including type 2 diabetes, hyperlipidaemia and atherosclerosis, all of which are part of the metabolic syndrome and are associated with chronic low levels of inflammation. As described above, some of the recently developed drugs for NASH may be associated with an exacerbation of these disorders. However, the data available for most oral immune therapeutic compounds suggest that they may be able to alleviate the concomitant disorders in NASH patients.
The process of oral administration and the lack of absorption make these compounds easy to use and well tolerated. Because no absorption is required and a relatively low dose is sufficient to achieve a clinically meaningful effect, these compounds are also expected to be relatively affordable for long-term use.
Finally, it is expected that treatment for NASH, which is similar to that of hypertension, will require combination therapy consisting of several drugs that target different disease-associated molecular pathways. Thus, oral immune therapy may serve as an adjuvant treatment for other anti-inflammatory and anti-fibrotic drugs. For example, pre-clinical and clinical data already support an adjuvant effect in the gut for glycosphingolipids combined with anti-CD3 or anti-LPS antibodies. 76, 118, 123 THE FUTURE OF USING THE GUT FOR THE TREATMENT OF NASH Non-alcoholic steatohepatitis is a complex disease, and novel treatments represent an unmet clinical need. Despite major efforts over the last decade, a final 'HCVlike' therapy of 'one pill for all' is far from being realised. Targeting the gut immune system may provide a novel avenue for disease prevention, induction of remission, maintenance and development of adjuvant drugs for patients with NASH. Several of the compounds described above are already in phase IIB trials, and it is anticipated that in the next few years, considerable clinical data will facilitate the development of this new class of drugs for NASH. 
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